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ABSTRACT: Steroids are excreted from humans and animals and discharged
with wastewaters into the environment, resulting in potential adverse eﬀects on
organisms. Based on the excretion rates from diﬀerent groups of humans and
animals, the emissions of seven steroids (estrone (E1), 17β-estradiol (E2),
estriol (E3), testosterone (T), androsterone (A), progesterone (P), and cortisol
(C)) were comprehensively estimated in 58 river basins of whole China, and
their multimedia fate was simulated by using a level III fugacity multimedia
model. The results showed that higher emission densities for the steroids were
found in the river basins of east China than in west China. This distribution was
found to be generally similar to the distribution of Gross Domestic Product
(GDP) across China. E3, A, and P displayed higher emission densities than the
other steroids in most of the river basins. The total excretion of steroids by
humans and animals in China was estimated to be 3069 t/yr. The excretion of
steroids from animals was two times larger than that from humans. After various treatments, the total emission of steroids was
reduced to 2486 t/yr, of which more than 80% was discharged into the water compartment. The predicted concentrations in
water were within an order of magnitude of the measured concentrations available in the literature. Owing to wastewater
irrigation, more steroid mass loadings in agricultural soil were found in the basins of Haihe River and Huaihe River in comparison
with the other river basins. To the best of our knowledge, this is the ﬁrst report on the emissions and multimedia fate of seven
steroids in the river basins of China.
■ INTRODUCTION
Owing to the excretions of humans and animals, hormonal
steroids are constantly released to the environment indirectly
via discharge of eﬄuents from wastewater treatment plants
(WWTPs) or directly from untreated wastewaters.1−5 Land
application of wastes of humans and livestock animals on
agricultural land could also result in contamination of soil
environments.6 The extensive emissions of steroids and their
potential adverse eﬀects on the endocrine systems of humans
and wildlife have caused great concerns among the general
public and scientiﬁc community. Various steroids have been
reported in WWTPs,4,7−9 livestock farms,1,10 aquatic environ-
ments,11,12 and wastewater irrigated soils.13 In recent years,
various eﬀects related to the endocrine systems in aquatic
organisms such as ﬁsh feminization have been linked to the
presence of steroids in the environment.14 Therefore, it is
important to understand the emissions and fate of various
hormonal steroids in the environment.
Since excretions from humans and animals are the two main
sources for hormone steroids, it is possible to calculate their
emissions and predict their fate in the receiving environments
by using various information such as population, excretion rate,
and wastewater treatment rate.10,15−18 Jonson and Williams19
have estimated emissions of estrogens for the UK based on the
numbers of diﬀerent categories of the human population, and
predicted the concentrations in sewage inﬂuent and eﬄuent.
Some previous studies pointed out that the amount of steroids
excreted by livestock animals also contributed signiﬁcantly to
the total environmental loading.3,20,21 Lange et al.10 have
estimated the annual excretion of steroid by farm animals in the
European Union and the U.S. based on the data collected for
the year of 2000. So far, most of the previous studies on
steroids emissions and fate focused on estrogens, while little has
been known for the other classes of steroids, including
androgens, progestogens, glucocorticoids, and mineralocorti-
coids.12,21
China has the largest population of humans and livestock
animals in the world. For example, the number of swine in
China accounted for 51.6% of the total number in the world in
2010.22 The sixth nationwide human population census in
China showed that the population living in rural areas
accounted for 50.3% of China’s total population.23 With the
limitations of infrastructure, the sewage treatment rate is still
low in majority of rural areas of China.24 Meanwhile, with
increasing consumption of animal meat, the number of
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Figure 1. Map of China Basin. ID codes are given on the map.
Table 1. Reported Steroids Excretions by Per Person and Per Animal
overall excretion (μg/d) E1 ref E2 ref E3 ref A ref T ref P ref C ref
female prepubertal 1.22 16 0.379 note A 0.831 note A 179 note A 0.773 note A 14.5 note A 9.98 40
cylcling-
menstrual
10.7 2, 16, 17,
19, 32
3.32 2, 16, 17,
19, 32
7.28 2, 17,
19,
32
1570 17 6.8 17 127 37 71.0 2, 17,
40−42
menopausal 2.90 19, 32 1.65 19, 32 1.90 19, 32 1570 17 6.8 17 37.5 2 26.1 40
pregnant 724 2, 17, 19,
32
1278 2, 17, 19,
32, 34
18052 2, 17,
32
1570 17 6.8 17 260 19, 38 71.0 note B
male prepubertal 0.449 note A 0.214 16 0.201 note A 447 note A 7.59 note A 2.16 note A 14.8 40
adult male 3.35 16, 17,
19, 32
1.60 16, 17,
19, 32
1.50 17, 19,
32
3340 17 56.7 17, 16.1 37 73.5 17,
40−42
swine sow 411 10, 20 16.3 10 139 10 17.2 2, 3, 10 5.72 2, 3, 10 10684 10 31.7 2, 3
others 22.5 2, 3, 10,
20
10.0 2, 3 85.3 10 17.2 2, 3, 10 5.72 2, 3, 10 1956 2, 3, 10 31.7 2, 3
cattle beef cattle 1106 1, 10, 21 375 1, 10, 21,
35
28206 note C 383 1, 10 52.6 1, 10,
21
379 1, 39 −
dairy cattle 832 16 7.65 16, 35 574 note C 383 1, 10 52.6 1, 10,
21
379 1, 39 −
sheep 1.10 10, 21 0.30 10, 21 22.6 10 0.306 note C 0.0420 note C 0.303 note C −
poultry 0.83 10, 20,
21, 33
3.50 10, 20,
21, 33,
36
2.32 10 8.36 10 1.98 10, 21,
33,
36
− −
aNote A: no reference was available. The values are obtained by the ratio of adult and prepubertal female and male of E1. bNote B: no reference was
available. The value is equal to the cylcling-menstrual female’s. cNote C: no reference was available. Shore et al. (2009) pointed out that the cow is
similar to the sheep on how the steroids leave the body. The values are obtained by the ratio of cattle and sheep of E2 which has reference supported.
d“−“refers to no value available, which are either without reported values or zero values measured in the experiment.
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livestock animals increased rapidly in recent years, but only
20% of the wastewaters from livestock farms in China is treated
using some simple treatment technologies such as lagoons and
sedimentation tanks.1 Discharge of wastewaters from humans
and animals could seriously aﬀect the environmental quality in
China. Therefore, it is essential to understand the emissions of
steroids associated with wastewaters and manures and their
environmental fate in whole China. Considering the heavy cost
and diﬃculty of chemical analysis of various steroids in large
geographic scale surveys, it would be more practical to apply
modeling approaches to predict the emissions of steroids from
humans and livestock animals and their fate in the environ-
ment. The multimedia fugacity model is well established, well
documented and widely used for predicting the environmental
fate of chemicals at various scales by numerous research-
ers.25−30 As far as we know, there is no report on the modeling
of multimedia fate of diﬀerent classes of steroids in whole
China.
The aim of this study was to estimate the emissions of
various classes of steroids and evaluate their fate at the river
basin scale in China. The steroids investigated in this study
include seven natural steroids, that is, estrogens (estrone: E1,
17β-estradiol: E2, estriol: E3), androgens (testosterone: T,
androsterone: A), progestogens (progesterone: P), and
glucocorticoids (cortisol: C) according to the information
available in the literature. The natural steroids are typical
compounds for each class of the hormone steroids. The
emission estimation was achieved by a model related to the
quantity of each steroid excreted by diﬀerent categories of
humans and animals. A level III multimedia fugacity model was
selected to evaluate the environmental fate of the steroids at the
basin scale.
■ MATERIALS AND METHODS
Study Area-Basic Basin Unit. A national wide multimedia
modeling of seven steroids was conducted at the river basin
level. The whole China was divided into 58 basins based on the
Industry Standard of China.31 As shown in Figure 1, each basin
was allocated an ID to simplify the model description, and the
detailed information for the basins is also displayed in Table S1
(Supporting Information (SI)). These basins covered all of the
secondary rivers in China. Therefore, emission estimation,
multimedia fate modeling and risk assessment for steroids in
China were all carried out in the unit of each basin. The
geographic information layers of the basin system and
administrative region of China are both available at National
Geomatics Center of China (http://sms.webmap.cn/). And the
map of China basin was created by ArcGIS 9.3 software. Details
about administrative areas included in each basin are given in
the SI (SI-A).
Estimation of Steroids Emissions. Excretions from
humans and farm animals are regarded as the two main
pollution sources for the seven steroids.19,20 Each source can be
classiﬁed according to the excretion characteristics of diﬀerent
steroids in diﬀerent individuals (Table 1). Data of the human
population and animal number at the basin scale were collected
from the local statistical yearbook published in 2011, which
provided the statistical data for the year of 2010. Reported
steroids excretion data by diﬀerent groups of humans and
animals are given in Table 1, and the mean values generated
from all of these literature values were selected in this study.
The total excretion of the steroids excreted by both humans
and animals equals the individual excretions multiplied by the
number of individuals.
For estimation of steroids emissions to the environment,
information about wastewater treatment rates and their
removal/transformation/degradation in WWTPs as well as
wastewater irrigation and manure land application is required.
Human emissions of steroids included those from urban and
rural populations. The steroids emissions from the urban
population were calculated based on the local wastewater
treatment rate (SI-A), the removal eﬃciency of target chemicals
in WWTPs (SI Table S7) and the corresponding excretions of
steroids from the urban population. For the steroids emissions
from the rural population, it is assumed that all the steroids
excreted discharge directly into the receiving environment
without treatment based on the report by Ministry of
Environmental Protection of China.43 As for the steroids
emission from animals, there are two diﬀerent livestock
production modes: large scale farming and scatter breeding.
Almost all wastewaters from the scatter breeding animals are
generally discharged directly without any treatment, while
approximately 20% of wastewaters from those large scale
livestock farms are treated before discharging into the receiving
environment.1 Since there have been few reports on the
transformations of steroids in transits, the transformations were
not considered for most of steroids. Only a transfer rate of 50%
for E2 to E1 in sewerage systems was included.19
The emissions of steroids to the receiving environment are
shared by water and soil compartments. Part of the emissions
from animals enters into the soil compartment via application
of livestock manure, and the remaining part discharged into the
water compartment. Based on an investigation on the livestock
and poultry breeding and waste discharge modes in eight
provinces of China,44 40% of faeces from large scale livestock
farms were used as farmland fertilizer in south China and 95%
used as fertilizer in north China. Moreover, about 20% of the
faeces from scatter breeding animals were applied on
agricultural soil.44 The total steroids emission from animal
source to the soil compartment was calculated based on daily
manure emissions and the associated amounts of the steroids
by diﬀerent groups of animals. For the emissions from human
source, most of the steroids enter into the water compartment
via discharge of sewage wastewater, with some reach the soil
compartment via sewage irrigation. Based on the second
national survey of sewage irrigation,45 the ratio of sewage
irrigation area to the whole agricultural land was 6.65%. It is
assumed that the irrigation water amount per unit area of the
agricultural land is the same, the steroids emission into the soil
compartment via sewage irrigation can be estimated by the ratio
of the sewage irrigation volume to sewage wastewater discharge
volume multiplied by the steroids emission from the sewage
wastewater.
The detailed equations of estimation methods, including
calculation process about the excretions and emissions of the
steroids from human and animals, emissions into the water and
soil compartments, and the data sets used in the calculations are
available in the SI (SI-A and SI-B).
Multimedia Model Description. A level III fugacity model
based on the approach of Mackay and Paterson46 was applied
to predict the multimedia fate of the seven steroids. As the
target chemicals investigated in this study are considered to be
environmentally nonvolatile, the transfer process in the air
compartment is negligible.47 Thus, each basin was divided into
three bulk compartments and seven subcompartments: water
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(water, suspended solids, and ﬁsh), soil (water and solids), and
sediment (water and solids). In the Level III fugacity model, the
mass balance equations among the three bulk compartments
were established in terms of the transfer ﬂuxes, which describe
chemicals movement between phases by diﬀusive and non-
diﬀusive processes, and emission, advection, and reaction
processes in a phase. The transfer ﬂuxes could be calculated
as Dijk f i, where Dijk is a transfer coeﬃcient with unit of mol/h·
Pa, and f i is the fugacity of the compartment with the unit of
Pa. The set of equations was solved using Matlab R.2010a to
derive fugacity values ( f i) which were then used to calculate the
concentrations of target chemicals in various compartments.
And the chemical concentration could be expressed as the
product of fugacity ( f i) and fugacity capacity (Zi). Environ-
mental parameters are required for the calculation of Dijk and Zi
(SI Table S5).
For modeling the fate of target steroids, 38 parameters were
required. They consisted of environmental parameters (such as
area of the water, soil, and sediment), physical-chemical
properties (such as organic carbon normalized partition
coeﬃcients, KOC), the reaction properties (such as coeﬃcients
of degradation rate in water, soil, and sediment) and emission
rates of the chemicals (such as steroid excretions by human and
animals). A geometric mean or an average and standard
deviations could be derived for a parameter based on the
distribution characters of the values collected from literature. If
only a single value was collected for a certain parameter, a
standard deviation was derived from an artiﬁcially assigned
coeﬃcient of variation. The mass inventories for the steroids in
diﬀerent environmental compartments of each basin were also
calculated based on the predicted concentrations. The details of
the model framework, parameters, mass inventories calculations
and assignment of artiﬁcial coeﬃcient of variation are described
in the SI (SI-B).
Sensitivity and uncertainty analyses were applied to evaluate
the predicted results. The identiﬁcation of the most inﬂuential
parameters and processes responsible for the fate of chemicals
was performed with a sensitivity analysis. Generally, the
sensitivity of various input parameters in the model are tested
by comparing predicted results without any changed variable
with those having only one variable changed by ±10%,
expressed as sensitivity coeﬃcient (CS). Those sensitive
parameters were subject to uncertainty analysis. Uncertainty
analysis is concerned with propagation of the various sources of
uncertainty to the model output. Monte Carlo simulation was
used in quantitative predictions.48,49 In the analysis, probability
distributions for input parameters were used to replace discrete
values, by randomly selecting values from each input parameter
distribution. The simulation was run for 2000 times using a
build-in function of “randn” in Matlab. Diﬀerence between the
third and the ﬁrst quartiles (Abbreviated as SQR), based on
statistics from the repeated output, was used to quantify the
uncertainties.
■ RESULTS AND DISCUSSION
Steroid Excretions and Emissions in China. The total
excretions and emissions of individual steroids from humans
and animals in China are presented in Table 2. Although the
livestock animal number in China was similar to the human
population (SI-A), the vast majority of the steroids were
generated from livestock animals, which accounted for 62% of
the total excretion. Animal excretion contributed 93%, 94%,
98%, 3.1%, 32%, 96%, and 19% of the total loading of E1, E2,
E3, T, A, P, and C, respectively. Clearly, estrogens (E1, E2, and
E3) and progesterone (P) were mostly generated by the animal
source; while androgens (A, T) and cortisol (C) were
dominantly generated by the human source.
The steroids excreted from the human and animal sources
eventually reach the receiving environment, and the emission
Table 2. Estimated Steroid Excretions and Emissions by Humans and Animals in China for 2010
category E1 E2 E3 A T P C
human (kg/d) male prepubertal 0.064 0.012 0.023 52 0.88 0.25 1.7
adult male 2.5 0.48 0.90 2000 34 9.6 44
prepubertal 0.16 0.021 0.092 20 0.085 1.6 1.1
female cycling-menstrual 4.8 0.65 2.8 612 2.6 49 28
menopausal 0.58 0.13 0.30 244 1.06 5.8 4.1
pregnant 5.4 2.5 71 6.2 0.027 1.0 0.28
total human excretion 14 3.8 75 2934 39 67 79
animal (kg/d) swine sow 23 0.91 7.7 0.96 0.32 593 1.8
others 12 5.2 45 9.0 3.0 1023 17
cattle dairy cattle 121 41 3094 42 5.8 42 0
others 24 0.22 17 11 1.5 11 0
sheep 0.37 0.10 7.5 0.10 0.014 0.10 0
poultry 3.1 13 8.6 31 7.4 0 0
total animal excretion 183 60 3180 94 18 1669 19
total excretion (t/yr) 71.7 23.5 1185 1105 20.6 628 35.4
environment received
(kg/d)
water human 8.4 2.3 45 1592 24 40 44
animal 121 25 2237 64 12 1446 16.4
total 129 28 2282 1657 36 1486 60
soil human 0.88 0.24 4.8 167 2.4 4.2 4.6
animal 53 33 757 23 5.1 78 0.12
total 54 34 762 190 7.5 82 4.7
total emission (t/yr) 66.9 22.3 1111 674 15.7 572 23.7
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masses depend on wastewater treatment rate and steroid
removal eﬃciency. As shown in Table 2, more than 80% of the
total excretion of steroids was ﬁnally released to the
environment, primarily due to the low wastewater treatment
rate in rural areas and livestock farms in China. In the total
steroids emission, approximately 83% was further distributed
Figure 2. Total steroid emission map of China. (A) The total amount of all the steroids for each basin with the unit of t/yr; (B) the emission density
for each basin, with the unit of kg/m2·yr.
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into the water compartment while the remaining 17% released
into the soil compartment. In details, the human source
contributed 6.7%, 8.9%, 2.1%, 96%, 68%, 2.8% and 73% for the
total loading of E1, E2, E3, T, A, P and C in the water
compartment, respectively; while in soil, the human contribu-
tions changed to 1.8%, 0.71%, 0.64%, 88%, 32%, 4.8% and 97%
for the corresponding seven steroids.
The predicted total emissions for the seven steroids in each
of the 58 basins in China are listed in Supporting Information
(Tables in SI-A). The distribution of total emission of the seven
steroids for each basin is displayed in Figure 2(A). It can be
seen that large diﬀerences in the steroid emissions existed
among the basins. The Huaihe River basin (ID: 22) in the east
China had the largest steroid emission with the total up to 241
t/yr. By contrast, the Senggecangbu River basin (ID: 50)
located in the west part of Tibet produced the lowest emission
of 0.4 t/yr. The Yangtze River upstream basin (ID: 25) with the
largest basin area had the emission of 169 t/yr, which ranked
the second largest emission. The Yangtze River downstream
basin (ID: 25, 31−33), Yellow River basin (ID: 18) and
Songhuajiang River basin (ID: 2) also had the emissions of
more than 100 t/yr.
The emission density for the seven steroids in each basin is
shown in Figure 2(B). In general, the average emission
densities for the basins in east and south China were more
than 1 order of magnitude higher than those in west China,
with the basins being separated into the two diﬀerent regions
by the line from Haihe River basin (ID: 14) and Yangtze River
downstream basin (ID: 30) to Hainan (ID: 44). Very high
emission densities were found in Haihe River basin, Huaihe
River basin, and Pearl River Delta region (ID: 11−17, 22−24,
and 42−43, respectively), and the minimum steroid emission
density was located in Tibet (ID: 58).
For individual steroids, their emission density distributions in
the basins were found very diﬀerent as shown in SI Figure S1.
Estriol (E3), androsterone (A), and progesterone (P) were
estimated to be the most abundant steroids. Estrogens (E1, E2,
and E3) were mainly distributed in the basins of north China,
including Haihe River basin (ID: 22−24) and Liaohe River
basin (ID: 7). The basins with higher emission densities for
androgens (A, and T) and cortisol (C) were Huaihe River basin
(ID: 22−24) and Yangtze River downstream basin (ID: 26),
where their population densities are higher than the national
average density. Further analysis of the relative contribution
from diﬀerent sources (SI Table S4) showed that the animal
source contributed more than 80% of the total loadings for
estrogens in these basins, but only contributed approximately
30% for androgens. The results suggest that those areas with
more livestock animals produced more estrogens, while the
human source generated more androgens.
Compared with the excretions of steroids in the UK21 with
1315 and 570 kg/yr for E1 and E2, respectively, the excretions
in China were more than 1 order of magnitude higher than
those reported in UK. In the European Union (EU) and U.S.,
the estimated steroid excretions by farm animals in the year
2000 were 33 and 49 t for estrogens, 7.1 and 4.4 t for
androgens, respectively.10 By comparison, although only three
estrogens (E1, E2, and E3) and two androgens (A, and T) were
estimated in the present study, the predicted total excretions of
estrogens and androgens in China were much higher than those
in EU and U.S. due to higher human and animal populations in
China.
The steroids emission density distribution was found
generally similar to the distribution of Gross Domestic Product
(GDP) across China as most of the large cities located in the
east part of China, including Beijing (ID: 13, 14, 17), Shanghai
(ID: 34) and Guangzhou (ID: 43). Hodges et al.50 also
reported a similar emission pattern for personal care products
in China with higher emissions in the east and south parts of
China due to their higher usage in these regions. The trend was
also found for the emission of black carbon.51 Hence, the
results from these studies indicated that chemical emissions in a
region are strongly linked to human activities.
Environmental Concentrations Predicted by the
Fugacity Model. The environmental concentrations of the
seven steroids in the 58 basins were simulated for diﬀerent
compartments (water, sediment, suspended solids, ﬁsh, and
soil), and the results are given in SI Table S11. For all the seven
steroids, the lowest concentration levels in water were predicted
in Senggecangbu and Ertix River basins in Tibet (ID: 50 and
51) and Lixia River basin (ID: 24). The highest predicted
concentrations in water were found in Yongding River basin
(ID: 13) and Dongjiang River basin (ID: 42), since Beijing and
Shenzhen, two of the most densely populated cities in China,
are located in the two basins. Chang et al.52 reported that in the
urban rivers of Beijing, more than 62.7% of the summed steroid
hormones were contributed by freshly discharged untreated
sewage and only less than 30% by treated sewage or naturally
attenuated untreated sewage. In general, the basins with high
steroid concentrations were inﬂuenced by the huge steroid
emissions from the human source, especially the rural residents,
and animal source due to the low wastewater treatment rates.
And the concentration distributions of steroids in basins were
generally similar to the distribution of emission densities.
Higher levels of steroids were found in the basins of east China
(ID: 1−24, 26, 33−43, 52; 0.001−853 ng/L for water) had
than those in west China (ID: 25, 27−32, 44−51, 53−58;
0.0006−62.1 ng/L for water).
The predicted steroid concentrations in sediment were
similar among the basins (SI Figure S11). The concentration
range in ﬁsh was mostly within 2 orders of magnitude, and the
same concentration variation pattern found in the suspended
solids. The predicted highest concentrations of steroids in
sediment, suspended solids and ﬁsh were found in Yongding
River basin (ID: 13) and the lowest in Jialing River basin (ID:
29) (SI Figure S11).
In the agricultural soils with wastewater irrigation, relatively
higher concentrations of the steroids were found in Haihe River
basin (ID: 12, 16) and Huaihe River basin (ID: 22) when
compared with the other basins (SI Figure S11). Higher steroid
concentrations were predicted in agricultural soil of west China
(basins ID 46−58) than in those basins in east China (SI
Figure S11). This is the opposite of the nationwide distribution
for steroid emission densities. As the application of animal
manure is the main contributing source for the steroids in
agricultural soil, it is obvious that steroid emissions by animals
in the basins of west China were higher than in the densely
populated east China.
There have been few reports on the concentrations of the
steroids in most of environmental media in China, and the
concentrations for some steroids in water are available in
limited river basins.4,52−55 When compared with the various
reported concentrations of the seven steroids in surface water,
most of the predicted results were within 1 order of magnitude,
as shown in Figure 3, and especially E1 and E2 ﬁtted closely
Environmental Science & Technology Article
dx.doi.org/10.1021/es501226h | Environ. Sci. Technol. 2014, 48, 7982−79927987
with the measured results. The predicted concentrations of
androgens fell into the same range as the reported values
(Figure 3). For agricultural soil, wastewater-irrigated soil and
sediment, almost all of predicted concentrations were below or
close to the current published values.11,13,64,65 Finlay-Moore et
al.66 reported that the testosterone concentrations in soil
increased to approximately 150−790 ng/kg from background
concentrations (15−55 ng/kg) after manure application. It is
noted that the predicted concentrations in ﬁsh and suspended
solids are similar to the results reported by Cao et al.67
Sensitivity and Uncertainty Analysis. The sensitivity
analysis showed that of all the modeling parameters, half-life of
a chemical in water (t1), rate of the chemical entering into water
by human (T01h), rate of the chemical entering into water by
animal (T01a), area of water phase (A1), advective ﬂows in the
area through water (T01t) and advective water ﬂow out of area
(Q10t) were the most sensitive parameters in the prediction of
water phase concentrations (SI Figure S2). In addition to the
eﬀects from human excretion for cortisol (C), the other
steroids were easier to be aﬀected by the animal emissions. The
uncertainties are displayed in terms of SQR, which are
Figure 3. Comparison of the predicted and measured results for steroids in China river basins. The dark ﬁlled circles represent the predicted results
and the opened circles represent the measured average concentrations. The corresponding line displayed the measured concentration range, and
ends of the line represented the maximum and minimum results, respectively. The numbers listed at the ends of the line represented the reference of
the measured concentrations.
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presented as the shaded area (SI Figure S2). It was found that
most SQR calculated varied within around 1 order of
magnitude, with the largest of more than 2 for Tumen River
basin (ID: 5) and the smallest of less than 0.5 for Taihu basin
(ID:34). Based on the results of uncertainty analysis and
predicted concentrations, the predicted concentrations varied
to cover the measured results. Among the seven steroids, E1
and T produced the largest uncertainties. The reason behind
this is probably due to a wide range of values for the parameters
for E1 and T present in our model. For example, the reported
treatment eﬃciencies for E1 in diﬀerent sewage treatment
plants varied between 22 and 94%.68 In all, despite large
uncertainties can also be found in some basins, considering the
comparable predicted concentrations and generally reasonable
uncertainties, the model presented here provided a good
simulation for the fate of steroids in the environment.
Multimedia Fate Based on the Transfer Fluxes. The
transfer ﬂuxes for all the 58 basins were predicted and a
summary was made for the average contribution of each
transport ﬂux to the total input or output ﬂuxes in water, soil
and sediment compartments, as displayed in SI Figure S3. In
water, the animal source contributed more than 85% of total
loading for estrogens (E1, E2, and E3) and progesterone (P),
while the human source was the primary source for androgens
(T and A) and cortisol (C) with the contribution of
approximately 70%. The remaining part was shared by input
advective ﬂows. Degradation, sedimentation and advective
output ﬂuxes all made some contributions to the loss of the
target steroids in the study area. Degradation was the only
output pathway for steroids in the soil compartment and animal
emissions contributed most to the total input ﬂuxes. The source
of steroids in sediment was the water compartment by the
process of sedimentation. Mass inventories for each steroid in
all of the 58 basins were also calculated and the average
distribution ratios in diﬀerent environmental media are
displayed in SI Figure S4. Through manure utilization and
wastewater irrigation, the soil compartment received a large
quantity of steroids and accounted 89% of the total amount for
E1. Due to the combined eﬀects of relatively rapid degradation
and sedimentation, the total steroids in water accounted for 8%
to 68%. For E3, A, and P, the sediment compartment was the
main medium for their accumulation in the environment.
Overall, after their releasing to the water and soil compartments
and then after some environmental processes, the steroids
would be accumulated in various environmental media with
diﬀerent proportions. The ultimate distribution of the total
steroids in water, soil and sediment were 20%, 7% and 73% in
mass ratio, respectively.
A schematic diagram showed the mass ﬂow and environ-
mental fate of the seven steroids in whole China (Figure 4).
Figure 4. Flowchart for the fate of steroids in China. The total excretion and total emission are estimated on yearly basis.
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The total excretion of the seven steroids in whole China was
3069 t/yr, and the animal emission was nearly two times larger
than the human emission. After certain treatments, the total
mass loading for the steroids was reduced to 2486 t/yr, which
was regarded as the total emission to the receiving environ-
ment. Approximately 83% and 17% of the mass loading were
released to the water and soil compartments, respectively.
When the distribution of the steroids in the environmental
media reached the steady state, the mass inventory for the
steroids in the environment would be 1515 t. Due to their
hydrophobic nature,64,69,70 the steroids initially allocated in the
water compartment partially distributed into the sediment
compartment, resulting in a ﬁnal mass loading of only 310 t
(20%) in water. The sediment compartment shared 73% of the
total mass loading, and the remaining 7% allocated to the soil
compartment.
Further Development of the Model and Its Implica-
tions. The model used in the present study only predicted
seven natural hormone steroids (E1, E2, E3, T, A, P, and C).
Uncertainty in chemical parameters such as half-life and KOC
exists for the seven modeled compounds. Seasonal variations in
environmental parameters such as water ﬂow and area of water
phase can also inﬂuence the prediction of environmental fate.
Animal excretion data from literature were mostly for free
steroids, not including their conjugated steroids, which may
underestimate the total steroids excretion. If we could obtain
more accurate input parameters, the model would generate
more realistic predicted results. More hormone steroids could
be included in the modeling if basic excretion and trans-
formation data for other steroids were available.
Steroids in the receiving environment can cause adverse
eﬀects on organisms at low concentrations.14 Based on the
literature toxicological data and predicted concentrations, a
simple risk assessment can be performed for the steroids in
river basins of China. For example, the estrogenic risks posed
by the estrogens are expected to be widespread for the aquatic
environment in China (SI Figure S5). High risks were mostly
located in north China, including basins of Liaohe River (ID: 7,
8), Haihe River (ID: 11−17) and Huaihe River (ID: 22, 23),
and in Pearl River basin (ID: 42) in south China (SI Figure
S5). The levels of estrogenic activities in the basins of Liaohe
River (ID: 7), Huaihe River (ID: 22), Yangtze River
Downstream (ID: 26), Taihu Lake (ID: 34), and Pearl River
Delta (ID: 43) were comparable with those observed
values.53,55,57,63,71 The predicted estrogenic activities in China
(0.008−5.7 ng/L) were higher than those reported in other
countries, such as France (0.30−4.52 ng/L),72 Netherlands
(<0.11−0.17 ng/L).73 In China, the wastewater treatment rates
in most cities and rural areas are still at low levels, hence
measures should be taken to improve the wastewater treatment
rates in order to reduce potential risks posed by those steroids.
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